Abstract The proximal tubule is critical for whole-organism volume and acid-base homeostasis by reabsorbing filtered water, NaCl, bicarbonate, and citrate, as well as by excreting acid in the form of hydrogen and ammonium ions and producing new bicarbonate in the process. Filtered organic solutes such as amino acids, oligopeptides, and proteins are also retrieved by the proximal tubule. Luminal membrane Na + /H + exchangers either directly mediate or indirectly contribute to each of these processes. Na + /H + exchangers are a family of secondary active transporters with diverse tissue and subcellular distributions. Two isoforms, NHE3 and NHE8, are expressed at the luminal membrane of the proximal tubule. NHE3 is the prevalent isoform in adults, is the most extensively studied, and is tightly regulated by a large number of agonists and physiological conditions acting via partially defined molecular mechanisms. Comparatively little is known about NHE8, which is highly expressed at the lumen of the neonatal proximal tubule and is mostly intracellular in adults. This article discusses the physiology of proximal Na + /H + exchange, the multiple mechanisms of NHE3 regulation, and the reciprocal relationship between NHE3 and NHE8 at the lumen of the proximal tubule.
Abstract The proximal tubule is critical for whole-organism volume and acid-base homeostasis by reabsorbing filtered water, NaCl, bicarbonate, and citrate, as well as by excreting acid in the form of hydrogen and ammonium ions and producing new bicarbonate in the process. Filtered organic solutes such as amino acids, oligopeptides, and proteins are also retrieved by the proximal tubule. Luminal membrane Na + /H + exchangers either directly mediate or indirectly contribute to each of these processes. Na + /H + exchangers are a family of secondary active transporters with diverse tissue and subcellular distributions. Two isoforms, NHE3 and NHE8, are expressed at the luminal membrane of the proximal tubule. NHE3 is the prevalent isoform in adults, is the most extensively studied, and is tightly regulated by a large number of agonists and physiological conditions acting via partially defined molecular mechanisms. Comparatively little is known about NHE8, which is highly expressed at the lumen of the neonatal proximal tubule and is mostly intracellular in adults. This article discusses the physiology of proximal Na + /H + exchange, the multiple mechanisms of NHE3 regulation, and the reciprocal relationship between NHE3 and NHE8 at the lumen of the proximal tubule.
Keywords Acid-based balance . pH regulation . Volume regulation . Sodium transport . Bicarbonate transport . Chloride transport . Sodium-hydrogen exchange . Sodium-proton exchange Na + /H + exchange in biology Na + /H + exchangers (NHEs) are universally present in prokaryotes, lower eukaryotes, and higher eukaryotes, including fungi, plants, and animals [1] . In prokaryotes, fungi and plants, the transmembrane proton electrochemical gradient (ΔμH + ) energizes the extrusion of Na + from the cytoplasm. Plasma membrane NHEs characterized to date in animal cells utilize the inward Na + gradient created by the activity of Na + / K + -adenosine triphosphatase (ATPase) to extrude H + against its electrochemical gradient in an electroneutral fashion.
All NHEs are members of the very large superfamily of monovalent cation-proton antiporters (CPA), which is divided phylogenetically in the CPA1, CPA2, and NaT-DC transporter families [1, 2] . Nine NHE isoforms (NHE1-9) belonging to the CPA1 family and having different tissue and subcellular distribution (Table 1) have been described to date in the human genome [1, 3, 4] . In addition, the human genome contains a sperm-specific NHE (a member of the NaT-DC family) with demonstrated NHE activity [1, 5, 6], as well as two genes termed NHA1 and NHA2 (members of the CPA2 family) which are more closely related to prokaryotic Na Table 1) . The expression and function of NHA2 have been recently confirmed [7, 8] . Brett et al. [1] presented an extensive phylogenetic classification of NHEs using 118 eukaryotic NHE genes of the CPA1 family. Based on sequence, cellular location, ion selectivity, and inhibitor specificity, NHEs can be divided into two major subfamilies: intracellular and plasma membrane. The intracellular NHE subfamily can be further divided into three clades: (1) the endosomal/trans-Golgi clade, which includes one of the oldest eukaryotic NHE genes, as well as human NHE6, NHE7, and NHE9; (2) the NHE8-like clade which includes eight animal NHE genes and interestingly shows similarity to Drosophila NHE; (3) the plant vacuolar clade which includes 32 plant NHE genes and the NHE gene of slime mold. The plasma membrane NHE subfamily can be divided into two clades: (1) the recycling clade which includes only animal genes (24 in total), including human NHE3 and NHE5; (2) the resident clade which is restricted to vertebrate NHE genes (25 in total), including human NHE1, NHE2, and NHE4. This classification is extremely useful for understanding differences and similarities in NHE localization, function, and regulation and for identifying the most appropriate models for the study of individual NHEs.
Two members of the NHE family will be discussed here in the context of the renal proximal tubule: NHE3 and NHE8.
Luminal Na + /H + exchange in proximal tubule physiology
The existence of Na + /H + exchange activity in the mammalian kidney was first inferred in the 1940s by Pitts and coworkers [9, 10] in a series of studies that, in the words of Gerhard Giebisch, "provided the ground on which modern renal acid-base physiology is based" [11] . Na + /H + exchange activity was definitively demonstrated three decades later by Murer et al. [12] , followed by Kinsella and Aronson [13] . Another decade passed before the first mammalian Na + /H + exchanger, NHE1, was cloned by Sardet et al. [14] . In the early 1990s, several independent groups identified NHE3 as the main proximal tubular NHE isoform [15] [16] [17] [18] .
To date, two NHEs have been described at the luminal membrane of proximal tubule cells: NHE3 is predominant in adults [17] [18] [19] , and NHE8 is highly expressed in neonates [20] [21] [22] . A developmental switch between the two transporters has been proposed as part of postnatal renal maturation [22, 23] and will be discussed later in this article. NHE1 and to a lesser extent NHE4 are present at the basolateral membrane [24, 25] , but their specific roles in proximal tubule function are not known. Most of what we know today about the molecular physiology and regulation of proximal Na + /H + exchange pertains to NHE3, which is by far the best-studied luminal isoform.
Luminal membrane Na + /H + exchange in the mammalian proximal tubule mediates the isotonic reabsorption of approximately two thirds of the filtered NaCl and water, the reabsorption of bicarbonate, and the secretion of ammonium (NH 4 + ) and contributes to the reabsorption of filtered citrate, amino acids, oligopeptides, and proteins. The mechanisms are summarized in Figs. 1 and 2. The (Fig. 1, right) .
In accordance with these physiological roles, NHE3-null mice are hypovolemic and hypotensive and have mild metabolic acidosis, decreased renal reabsorption of Na + , fluid, and HCO 3 − , and markedly increased mortality when fed a low-salt diet [52] . These abnormalities are improved but not reversed when the expression of NHE3 is rescued by transgenic expression at the other major site of NHE3 action, the small intestine [53, 54] . Finally, apical Na + /H + exchange plays a role in the proximal tubule reabsorption of filtered organic solutes such as amino acids, oligopeptides, and proteins (Fig. 2) 
Acute vs. chronic regulation of NHE3
NHE3 is responsible for most of proximal tubule NaCl, water, and bicarbonate reabsorption, and a consequence of this high flux transport system is that relatively small percent changes in NHE3 activity can have significant quantitative and functional consequences. It is therefore not surprising that NHE3 is among the most extensively regulated membrane transport proteins, being directly or indirectly influenced by a variety of agonists and physiological conditions [68] [69] [70] . A list of factors that regulate NHE3 is presented in Table 2 ; please note that this list is continually evolving and is by no means exhaustive.
Before delving into further molecular intricacies, it is important to discuss the distinction between acute and chronic NHE3 regulation. Acute (minutes to hours) regulation of NHE3 is better studied, and it could be argued that it is more important for survival, by ensuring the maintenance of volume and acid-base homeostasis in the face of rapid physiological challenges. Acute regulation is via rapid, transient, and often reversible mechanisms (such as changes in phosphorylation, trafficking, or membrane locale) acting on the existing cellular pool of NHE3. Conceptually, acute regulation relies on signaling pathways which may be both saturable and refractory poststimulation, is limited in its [183] [184] [185] [186] [187] [188] [189] [190] ATP depletion Unknown NHE3 does not directly utilize the energy of ATP hydrolysis, but the presence of ATP is required for optimal NHE3 activity [191, 192] Atrial natriuretic peptide (ANP)
Unknown ANP alone has no effect on NHE3, but it potentiates the inhibitory effect of dopamine [193] Cyclic adenosine monophosphate (cAMP) response capacity to the use of available transporters, and may overall be more costly for the cellular signaling economy by deflecting essential second messengers and protein kinases from their other intracellular roles. The chronic (hours to days) regulation of NHE3 acts in most cases via slower and more persistent mechanisms (such as transcriptional activation), provides the grounds for longterm adaptation, and may be more important for the pathophysiology of disease-such as hypertension. However, as much as acute and chronic regulations of NHE3 may differ, they are inseparable parts of the same physiological continuum. . The role of dimerization in NHE3 regulation has not been investigated. Theoretically, NHE3 activity could be regulated via changes in dimerization, which in turn may be evoked by alterations in local membrane composition, membrane curvature, or by the competitive interaction of NHE3 monomers with other regulatory proteins. Another exciting theoretical possibility is that NHE3 dimers may constitute units of regulation (an individual regulatory signal reaching one NHE3 molecule affects the function of both molecules within the dimer), thus effectively constituting a biological amplification system for NHE3 regulation.
Mechanisms of NHE3 regulation

An integrated view of NHE3 regulation
The proximal tubule is a phenomenally complex structure, in which myriad cellular processes occur simultaneouslya fact that we sometimes tend to overlook when trying to dissect individual mechanisms. Chances are that, at any given time in the cell, NHE3 activity is affected by many factors, acting via several of the mechanisms categorized above. How is this network coordinated? Are some agonists and signaling pathways more important than others? Can we explain the molecular details of synergism, antagonism, permission, amplification, and interdependence when it comes to the simultaneous regulation of NHE3 by multiple factors-as it is the case in vivo in the proximal tubule?
In order to construct a model of integrated NHE3 regulation, we first need to explore and understand the (Fig. 4) . In addition to activation of NHE3 transcription, the serum and glucocorticoid-inducible kinase 1 (SGK1) appears to act as a central pivot for both pathways [140, 142] NHE3 protein in total cortex and apical membrane increases concordantly with maturation [153] . In contrast, while apical membrane NHE8 decreases dramatically upon maturation, its level in total cortical membranes is higher in the adult compared to the neonatal proximal tubule [22] . Native NHE8 in cultured cells also has considerable intracellular expression [172] . One possible paradigm is that NHE8 serves primarily as an organellar exchanger in adults, but, in neonates prior to the maturation of NHE3 on the brush border, NHE8 is temporarily "leased" to the apical membrane to perform transepithelial transport.
As 
Summary
This account covers the role of luminal Na + /H + exchangers in proximal tubule function and updates selected aspects of the current database on the mechanisms of regulation of NHE3 that are not detailed in other more extensive reviews. Mammals are endowed with multiple NHE genes and have kept this genetic inventory over many millennia without extinguishing any of these sequences. This suggests an "insurance policy" of high redundancy, unique irreplaceable properties of each isoform, or both. Conversely, individual isoforms such as NHE3 participate in extremely diverse functions, such as those described here at the lumen of the proximal tubule. Comparable to its scope of function, the levels of regulation of NHE3 are astoundingly broad-and this is just NHE3 in the proximal tubule, our hors d'oeuvre so to speak, in this field. One has not even begun to consider all the other NHE isoforms in all other nephron segments. The database is of course still very much empty and awaits discovery. NHEs provide a myriad of functions critical for renal physiology in each segment-transport of solutes such as NH 4 + within the complex architecture of the medullary, the role of intracellular NHEs for organellar function, nontransport functions as plasma membrane platforms for protein assembly-tasks immense enough to fill several generations of investigators.
The authors took the liberty to linguistically interpret this molecularly guided tour along the nephron conceived by the editors as one that places equal emphasis on the molecule as well as the nephron. There is no doubt that the awesome power of recombinant DNA techniques has spawned a revolution and explosion of knowledge on renal physiology with unprecedented speed and scope; an effect whose momentum will not stall but rather continue to accelerate. All this is triumphant news for the renal physiologist. However, it will be deceiving to assume and believe that the understanding of individual molecules in exquisite detail and precision automatically begets the understanding of tubular, renal, and whole-organism biology. There is a hierarchy from individual molecules to the cell, epithelia, nephron, kidney, and eventually for a physiologist, the organism. At each level of this pyramid, new complexities, patterns, and laws emerge. Such properties cannot be studied and understood when outfitted solely with knowledge derived from a different level. A translated citation of Claude Bernard embodies this spirit eloquently: "We must appreciate that when we break up an organism by taking the different components apart it is only for the sake of convenient experimentation and by no means because we consider them as separate entities. Indeed when we wish to ascribe to a physiologic property its significance we must always refer it to the whole organism and draw any conclusions only in relation to the effect of this property on the organism as a whole." 
